Abstract Mitochondrial disorders are deadly childhood diseases for which therapeutic remedies are an unmet need. Given that genetic suppression of the nuclear enzyme poly (adenine diphosphate-ribose) polymerase(PARP)-1 improves mitochondrial functioning, we investigated whether pharmacological inhibition of the enzyme affords protection in a mouse model of a mitochondrial disorder. We used mice lacking the Ndufs4 subunit of the respiratory complex I (Ndufs4 knockout [ KO] mice); these mice undergo progressive encephalopathy and die around postnatal day 50. Mice were treated daily with the potent PARP inhibitor N-(6-oxo-5,6-dihydrophenanthridin-2-yl)-(N,Ndimethylamino)acetamide hydrochloride (PJ34); neurological parameters, PARP activity, and mitochondrial homeostasis were evaluated. We found that mice receiving N-(6-oxo-5,6-dihydrophenanthridin-2-yl)-(N,N-dimethylamino)acetamide hydrochloride from postnatal day 30 to postnatal day 50 show reduced neurological impairment, and increased exploratory activity and motor skills compared with vehicle-treated animals. However, drug treatment did not delay or reduce death. We found no evidence of increased PARP activity within the brain of KO mice compared with heterozygous, healthy controls. Conversely, a 10-day treatment with the PARP inhibitor significantly reduced basal poly(ADP-ribosyl)ation in different organs of the KO mice, including brain, skeletal muscle, liver, pancreas, and spleen. In keeping with the epigenetic role of PARP-1, its inhibition correlated with increased expression of mitochondrial respiratory complex subunits and organelle number. Remarkably, pharmacological targeting of PARP reduced astrogliosis in olfactory bulb and motor cortex, but did not affect neuronal loss of KO mice. In light of the advanced clinical development of PARP inhibitors, these data emphasize their relevance to treatment of mitochondrial respiratory defects.
Introduction
Mitochondrial disorders are devastating, inherited diseases caused by a deficit of mitochondrial functioning. Mostly, they are caused by mutations of nuclear or mitochondrial genes coding for proteins of oxidative phosphorylation (OXPHOS) [1] . Clinical symptoms may differ among OXPHOS defects, but the most affected organs are always those with high energy expenditure, such as brain, skeletal muscle, and heart [2] . Patients with OXPHOS defects typically die within the first years of life because of severe encephalopathy [3] . Currently, there is no cure for mitochondrial disorders and symptomatic approaches only have few effects on disease severity and evolution [4] .
It is widely acknowledged that a deeper understanding of the molecular mechanisms involved in neuronal death in patients affected by mitochondrial disorders can help in identifying effective therapies [5] . In this regard, animal models of OXPHOS defects are instrumental in deciphering the cascade of events that from initial deficit of mitochondrial oxidative capacity leads to neuronal demise. Transgenic mouse models of mitochondrial disorders recently became available and significantly contributed to the demonstration that the pathogenesis of OXPHOS defects is not merely due to a deficiency in the production of adenosine triphosphate (ATP) within high energy-demand tissues [6] . Indeed, several reports demonstrate that ATP and phosphocreatine levels are not reduced in patient cells or tissues of mice bearing respiratory defects [7, 8] . These findings, along with evidence that astrocyte and microglial activation takes place in the degenerating brain of mice with mitochondrial disorders [9] , suggest that the pathogenesis of encephalopathy in mitochondrial patients is pleiotypic and more complex than previously envisaged. On this basis, pharmacological approaches to the OXPHOS defect must target the different pathogenetic events responsible for encephalopathy. This assumption helps us to understand why therapies designed to target specific players of mitochondrial disorders have failed, and promotes the development of innovative pleiotypic drugs.
Over the last few years we have witnessed renewed interest in the biology of the pyridine cofactor nicotinamide adenine dinucleotide (NAD). At variance with old dogmas, it is now well appreciated that the availability of NAD within subcellular compartments is a key regulator of NAD-dependent enzymes such as poly[adenine diphosphate (ADP)-ribose] polymerase (PARP)-1 [10] [11] [12] . The latter is a nuclear, DNA damage-activated enzyme that transforms NAD into long polymers of ADP-ribose (PAR) [13, 14] . Whereas massive PAR formation is causally involved in energy derangement upon genotoxic stress, ongoing synthesis of PAR recently emerged as a key event in the epigenetic regulation of gene expression [15, 16] . SIRT1 is an additional NAD-dependent enzyme able to deacetylate a large array of proteins involved in cell death and survival, including peroxisome proliferatoractivated receptor gamma coactivator-1α (PGC1α) [17] . PGC1α is a master regulator of mitochondrial biogenesis and function, the activity of which is depressed by acetylation and unleashed by SIRT-1-dependent detachment of the acetyl group [18] . Several reports demonstrate that PARP-1 and SIRT-1 compete for NAD, the intracellular concentrations of which limit the two enzymatic activities [19, 20] . Consistent with this, recent work demonstrates that when PARP-1 activity is suppressed, increased NAD availability boosts SIRT-1-dependent PGC1α activation, resulting in increased mitochondrial content and oxidative metabolism [21] . The relevance of NAD availability to mitochondrial functioning is also strengthened by the ability of NAD precursors to improve both energy production and mitochondrial biogenesis [22, 23] . Although these findings point to the interplay among NAD, PARP-1, and SIRT-1 as a target to improve mitochondrial dysfunction, their relevance to mitochondrial disorders and related encephalopathy remains elusive. Remarkably, PARP-1 inhibitors have been proven to have therapeutic efficacy in different models of human disorders [24] , and have recently reached the clinical arena, showing a safety profile in patients with different neoplasms [25, 26] .
In this study, we took advantage of a recently developed mouse model of mitochondrial defect, the Ndufs4 KO mouse, which recapitulates the clinical phenotype of Leigh syndrome [8] , to evaluate the effects of pharmacological PARP inhibition on mitochondrial function and disease progression.
Methods

Animals and Drug Treatment
Ndufs4
+/-mice were bred to produce the Ndfus4 -/-mice used for experiments. Mice were housed with free access to food and water, and maintained on a 12-h light/dark cycle at 22°C . 
Neuroscore Analysis
The neurological score was assessed as described in Table 1 . Briefly, a 5-point scale was used to measure different locomotor functions/impairments, such as ataxia, hind limb clasping, balance, and limb tone. The latter was evaluated by means of a dynamometer. All the mentioned parameters were evaluated every 2 days by 2 blinded operators. The rotarod apparatus consisted of a base platform and a rotating rod with a diameter of 3 cm, with a non-slippery surface with a rod-rotating speed that was gradually accelerated from 4 rpm to 50 rpm during a 3-min test. The integrity of motor coordination was assessed according to Kuribara et al. [27] on the basis of endurance time of the animals on the rotating rod. Briefly, 1 day before the first test (i.e., postnatal day 29) the animals were placed on the rotating drum and trained twice.
The hole board apparatus consisted of an acrylic black board (31.5 cm×31.5 cm×20.5 cm) with 16 holes (hole diameter: 2 cm; distance between holes: 5 cm). The hole sensors were situated at a depth of 1 cm and automatically recorded the number of head-dips performed by animals. Two photo beams, crossing the plane from midpoint to midpoint of opposite sides, thus dividing the plane into 4 equal quadrants, automatically signaled the movement of the animal (counts in 5 min) on the surface of the plane (locomotor activity). Starting from postnatal day 30, mice were placed on the center of the board at 5-day intervals and allowed to move freely on the apparatus for 5 mins. 
NAD Measurement
Mice were sacrificed at postnatal days 30 and 50, or after 10 days of treatment. Tissues were rapidly collected and stored at -80°C. From each tissue, a few milligrams were processed for NAD measurement, as reported by PittellI et al. [28] .
Real-Time Polymerase Chain Reaction
Genomic DNA and total RNA were extracted from mice tissues with the NucleoSpin TriPrep kit (Macherey-Nagel), and real-time polymerase chain reaction was performed as previously reported [29] . Mitochondrial content was quantified by measuring the ratio between mitochondrial ND1 and nuclear β-actin gene amplification products.
The following primers were used: for Cox1-forward 5'-TATCAATGGGAGCAGTGTTTG-3' and reverse 5'-AGGC CCAGGAAATGTTGAG-3'; for Cox2-forward 5'-CTGA AGACGTCCTCCACTCAT-3' and reverse 5'-TCTAGGAC AATGGGCATAAAG-3'; for mt-Nd2-forward 5'-ATTATC CTCCTGGCCATCGTA-3' and reverse 5'-AAGTCCTATG TGCAGTGGGAT-3'; for Ndufv2-forward 5'-GTGCAC AATGGTGCTGGAGGAG-3' and reverse 5'-GGTAGCCA TCCATTCTGCCTTTGG-3': for Cox15-forward 5'-GTTC TGAGATGGGCACTGGACCA-3' and reverse 5'-GGGG CACGTGTTCCTGAATCTGT-3': for Atp5d-forward 5'-CAGCACGGGCTGAGATCCAGAT-3' and reverse 5'-GACAGGCACCAGGAAGCTTTAAGC-3'; for 18S-forward 5'-AAAACCAACCCGGTGAGCTCCCTC-3' and reverse 5'-CTCAGGCTCCCTCTCCGGAATCG-3'; for mtNd1-forward 5'-TGCCAGCCTGACCCATAGCCATA-3' 
Mouse Primary Glial Cultures
Primary cultures of glial cells were prepared from P1 mice as previously described [30] . Briefly, cortices were isolated in cold PBS and then incubated for 30 mins at 37°C in PBS containing 0.25 % trypsin and 0.05 % DNase. After blocking enzymatic digestion with the addition of 10 % heat-inactivated fetal bovine serum, cortices were mechanically disrupted by pipetting. Cells obtained from each cortex were washed, resuspended in Dulbecco's modified Eagle medium plus 10 % fetal bovine serum (GIBCO, Life Technologies, Rockville, MD, USA) and plated separately. Glial cells from Ndufs4 knockout (KO) mice were identified by genotyping and used for mitochondrial membrane potential evaluation at 7 days in vitro (DIV).
Evaluation of Mitochondrial Membrane Potential
Mitochondrial membrane potential was evaluated by means of flow cytometry [29] . Glial cells from Ndufs4 KO mice were 
Transmission Electron Microscopy
Tissues were fixed in 4 % glutaraldehyde, postfixed in 1 % osmium tetroxide, and embedded in Epon 812. Ultrathin sections were stained with uranyl acetate and alkaline bismuth subnitrate and examined under a JEM 1010 electron microscope (Jeol, Tokyo, Japan) at 80 kV.
Micrographs were taken throughout the whole motor cortex, skeletal muscle, and liver at final magnifications of 12,000× and 50,000× using a MegaView III digital camera and interfacing software (SIS-Soft Imaging System, Munster, Germany). The first ones were used for determination of the amount of mitochondria, and the latter ones for analysis of mitochondria and internal cristae volumes. Briefly, to analyze the number of mitochondria, 5 cytoplasmic fields (test area per field 97.8 μm 2 ) for each section were chosen at random and only mitochondria unequivocally present within neuronal structures were counted/ analyzed. Areas of mitochondria and areas of cristae were measured using iTEM image analysis software (SIS).
Immunohistochemistry
Immunohistochemistry was performed as previously described [31] , according to standard procedure. Briefly, snap-frozen brain was embedded in embedding matrix (CellPath Ltd., UK) (OCT) and cut with a cryostat (Leica, Solms, Germany). Brain section (14 μm) were fixed with 4 % paraformaldehyde and incubated in PBS with 0.3 % Triton X-100 (Sigma, St. Louis, MO, USA) and 2 % of bovine albumin. Sections were double-stained with antiNeuronal Nuclei (NeuN) monoclonal antibody (mouse monoclonal, 1:100; Chemicon International, Temecula, CA, USA) and anti-glial fibrillary acidic protein (GFAP; monoclonal, clone G-A-5, 1:200; Sigma). To-pro3 (Molecular Probes, Eugene, OR, USA) was used as nuclear counterstain. Quantification of fluorescence was performed using Metamorph/Metafluor software. Values correspond to the mean±SEM of 5 different microscopic fields per 3 different mouse brain sections per brain (4 brain per group).
Data Analysis
Data were analyzed using WinLTP 1.11 reanalysis program and GraphPad Prism (version 4.0; GraphPad, San Diego, CA, USA). All numerical data are expressed as mean±SEM. Statistical significance of differences between results was evaluated by performing analysis of variance followed by Tukey's w test for multiple comparisons.
Results
Inhibition of PARP Improves Neuroscore and Delays Disease Development of Ndufs4 KO Mice
To unravel the pathogenetic role of PARP-1 in the development of mitochondrial encephalopathy and to understand the therapeutic potential of its inhibition in patients with OXPHOS defects, we evaluated the effect of pharmacological PARP suppression on disease development in KO mice. We treated animals with daily intraperitoneal injections of PJ34 (20 mg/kg body weight), a water-soluble, potent PARP inhibitor [24] . We found that the number of pups per litter was low (4-5), even though the KO mice in the offspring were at the expected Mendelian ratio. To adopt a clinically relevant treatment protocol, we start injecting mice at day 30 when hair loss, the first sign of disease development, is almost complete [8] . As shown in Fig. 1A , treatment did not alter mouse weight compared with vehicle-injected animals, although a tendency to higher values in the PJ34-treated group was evident. Evolution of encephalopathy was assessed by evaluator-blind analysis of neurological impairment [8] . We found that significant worsening of clinical score occurred at day 37 and motor impairment inexorably increased up to postnatal day 53-55, when mice died. In mice receiving PJ34, the clinical score was significantly delayed from postnatal day 37 to postnatal day 43 (Fig. 1B) . At later time points, mice treated with the PARP inhibitor had a neuroscore that did not differ from that of vehicle-injected animals, although, again, a tendency to slight reduction was obtained (Fig. 1B) . Detailed analysis of specific symptoms indicates that treatment reduced the severity of ataxia and improved balance, having no effects on hind limb clasping and limb tone (Fig. 1C-F) . Of note, analysis of exploratory and motor activity also revealed that treatment with the PARP inhibitor improved both parameters during postnatal days 40-45 and 35-45, respectively ( Fig. 2A, B) . When motor skill was evaluated by means of rota-rod assay, we found that KO mice receiving PJ34 showed significantly prolonged latency to fall at P35-40 compared with vehicle-injected animals (Fig. 2C) . However, PJ34 only delayed worsening of motor performances, given that at later time points (day 50) the therapeutic effects disappeared. In keeping with this, drug treatment did not prolong survival of the KO mice (Fig. 2D ).
Oxidative Stress, PARP Activity, and NAD Levels in Ndufs4 KO Mice OXPHOS defects are typically characterized by derangement of electron transfer through the respiratory chain, a condition leading to the formation of reactive oxygen species and oxidative stress. The latter is thought to play a key pathogenetic role in encephalopathy of patients with mitochondrial disorders [32] . Given that PARP-1 is hyperactivated in condition oxidative stress and causes massive energy consumption [33] , we reasoned that PARP-1 activation-dependent ATP depletion could further compromise the precarious energy homeostasis in the brains of KO mice. Therefore, we evaluated whether oxidative stress occurs within the motor cortex of these animals at different stages of disease development. As a marker of oxidative stress in vivo, we analyzed protein carbonylation by means of Oxyblot in KO and heterozygous mice. The latter are healthy, indistinguishable from wild-type mice, and have previously been used as controls [8] . Although prior work demonstrates increased protein carbonylation in the olfactory bulb of KO mice [9] , we found that this marker of oxidative stress did not differ between KO and heterozygous mice at postnatal day 30, whereas it was reduced in KO animals at postnatal day 50 (Fig. 3A, B) .
Western blot analysis of poly(ADP-ribosyl)ated proteins is typically used as an index of PARP activity. Therefore, we evaluated basal poly(ADP-ribosyl)ation in the motor cortex of heterozygous and KO mice. In keeping with the lack of oxidative stress, levels of poly(ADP-ribosyl)ated proteins did not differ between the 2 mouse strains at postnatal day 30 and postnatal day 50 (Fig. 3C-E) . A reduction in NAD content typically occurs in tissues undergoing PARP-1 hyperactivity [33] .Hence, as an additional index of PARP activity, we quantified the NAD content in the motor cortex of heterozygous and KO mice. Again, we were unable to find any difference in the content of NAD in the cortices of the two mouse strains at both p30 and p50 (Fig. 3F) .
Inhibition of PARP Increases the Expression of Respiratory Complex Subunits and Promotes Mitochondrial Biogenesis in Ndufs4 KO Mice
To obtain evidence that PJ34 was, indeed, inhibiting PARP in KO mice, we analyzed PAR content in their tissues after10 days of treatment (i.e., postnatal day 40). In keeping with the pharmacodynamic effect of the drug, we found a reduced PAR content in brain, pancreas, liver, spleen, and skeletal muscle of animals challenged with PJ34 compared with vehicle-injected mice (Fig. 4A, B) .
We next wondered whether the expression of different respiratory complex subunits is altered in KO compared with heterozygous mice. Interestingly, we found a significant reduction of transcripts for mitochondrial-and nuclearencoded respiratory subunits, such as cyclooxygenase (COX)1, COX2, NADH dehydrogenase 2 (ND2), COX15, NADH dehydrogenase (ubiquinone) flavoprotein 2 (NDUFV2), and ATP synthase, H+ transporting, mitochondrial F1 complex, delta subunit (ATP5D), in different mouse organs, with the exception of the heart (Fig. 4C) . It has previously been reported that PARP-1-dependent NAD consumption limits PGC1α transcriptional activity and overall mitochondrial efficiency [21] . Therefore we evaluated whether treatment with PJ34 promotes transcription of mitochondrial-and nuclear-encoded respiratory complex subunits. Notably, we found that the PARP1 inhibitor increased the transcript levels of the different respiratory subunits in an organ-specific manner. Specifically, the mRNA levels of mitochondrial genes Cox1, Cox2, and mt-Nd2 increased in all the organs tested (brain, pancreas, spleen, heart, and skeletal muscle) with the exception of liver. Conversely, transcripts of the nuclear genes Ndufv2, Cox5, and Atp5d were only augmented in liver, spleen, and heart (Fig. 4D) . We also evaluated expression of the SDHA subunit of succinate dehydrogenase, and found that it was not affected in KO mice compared with heterozygous ones, whereas it increased in the organs of PJ34-treated mice, with the exception of skeletal muscle (Fig. 4E-G) .
The increased mitochondrial content reported in PARP-1 KO mice prompted us to evaluate whether the same phenotype could be recapitulated by pharmacological PARP inhibition [21] . As a prototypical index of mitochondrial content we quantitated the mitochondrial DNA (mtDNA) gene mt-Nd1 in the different organs of KO mice treated or not with PJ34. As shown in Fig. 4H , a 10-day treatment with the PARP inhibitor increased the content of mtDNA in all the organs tested except the liver. Notably, with the exception of the spleen, the NAD content in the mouse organs was not increased by the PARP inhibitor (Fig. 4I) .
To corroborate the evidence that PARP inhibitors improve mitochondrial function and that the effects of PJ34 are due to PARP inhibition, we next evaluated the impact of PJ34 and a structurally unrelated, very potent PARP inhibitor such as Olaparib, on mitochondrial membrane potential of cultured glial cells from Ndufs4 KO mice. As shown in Fig. 5 , we found that both compounds increased the mitochondrial membrane potential by approximately 25 % upon 72 h of treatment, at concentrations consistent with their relative IC 50 on PARP-1 [34] .
These findings taken together with knowledge that transcriptional networks leading to increased oxidative capacity also regulate mitochondrial biogenesis [35] , prompted us to evaluate whether mitochondrial number and morphology of KO mice was affected by PARP inhibition. Electron microscopy revealed that mitochondrial number and cristae area were reduced in motor cortex and skeletal muscle but not in liver of KO mice compared with heterozygous animals at postnatal day 40 (Fig. 6) . We also found that the mitochondrial area increased in motor cortex and liver but not in skeletal muscle of KO mice (Fig. 6) . Remarkably, a reduction in mitochondrial number, as well as changes in organelle morphology, were prevented in KO mice treated with PJ34 from postnatal day 30 to postnatal day 40 (Fig. 6) . Also, the area of mitochondrial cristae in the liver was increased by drug treatment even if it was not reduced in KO mice (Fig. 6F) .
Effects of PARP Inhibition on Astrogliosis and Neuronal Loss in Ndufs4 KO Mice Improved neurological score by PJ34, along with the notion that neurodegeneration takes place in the olfactory bulb and cerebellum of Ndufs4 mice [9] , prompted us to evaluate the impact of PJ34 on neuronal loss and astrogliosis in these mice. We found that a robust increase of GFAP-positive cell number (a prototypical marker of astrogliosis) occurred at the level of the olfactory bulb and motor cortex of Ndufs4 mice at p40, but not in the cerebellum. Of note, treatment with the PARP inhibitor significantly reduced GFAP expression in these brain regions. However, neuronal loss occurring at p40 in olfactory bulb, cerebellum and motor cortex was not affected by drug treatment (Fig. 7) .
Discussion
We report that a pharmacological inhibitor of PARP delays the development of encephalomyopathy in a mouse model of mitochondrial disorder. We also show that PARP inhibition prompts a transcriptional program leading to increased expression of respiratory complex subunits and mitochondrial biogenesis. In light of the urgent need for drugs able to improve symptoms in patients with OXPHOS defects [5, 32] , along with the apparent safety profile shown by PARP1 inhibitors in clinical trials [26] , the present study might have realistic clinical implications.
Several transgenic mouse models of OXPHOS defects have recently been developed; among them, those related to genetic mutations of respiratory complex I subunits appear to reproduce closely the symptomatology of patients [6] . The KO mice used in our study lack exon 2 of Ndufs4 so that the corresponding 18-kDa protein is absent because of frameshift. This mouse develops a phenotype resembling Leigh syndrome and dies by fatal encephalomyopathy within approximately 50 days [8] . Notably, mice bearing the same Ndufs4 mutation selectively in neural cells display a phenotype almost identical to those with systemic mutation [9] . This finding indicates that the therapeutic effects exerted by the PARP inhibitor should be ascribed to its ability to reduce neurodegeneration during the development of mitochondrial encephalopathy. This assumption is in keeping with the large body of evidence that PARP inhibitors, including PJ34, have remarkable neuroprotective effects in different models of neuronal death in vitro and in vivo [24] . Of note, we show that tissue PAR content is reduced in KO mice upon PJ34 administration, which is in keeping with the notion that PARP-1 contributes to the majority of PAR formations [13, 14] . However, given that the drug is not strictly PARP-1 selective [36] , we cannot rule out the possibility that inhibition of additional PARPs, including PARP-2 [37] , may have contributed to the pharmacodynamic effects of PJ34.
In principle, PARP inhibition might exert its therapeutic effect in KO mice by different mechanisms. For instance, necrotic neuronal death occurs in the brain of KO mice [9] , and numerous reports demonstrate the ability of PARP inhibitors to protect from this form of neuronal demise [33] . However, our findings showing lack of oxidative stress, PARP activation, and NAD depletion in the motor brain cortex of KO mice at different stages of encephalopathy suggest that PARP1 is not causative in necrotic neuronal death in this model of mitochondrial disorder. Although data are consistent with prior work showing no increase of ROS in fibroblasts from a patient with a nonsense mutation in Ndufs4 [38] , recent findings in Ndufs4 KO mice show the occurrence of oxidative stress in the olfactory bulb during disease progression [9] . In this regard, even though our electron microscopy analysis and immunohistochemistry reveal mitochondrial morphological abnormalities, astrogliosis and neuronal loss in the motor cortex, the olfactory bulb is the first and most compromised brain structure in KO mice [9] . Therefore, we speculate that mechanisms underlying neurodegeneration in KO mice are brain region-specific. The decrease of protein carbonylation in KO mice compared with heterozygous mice at P50 could be ascribed to the moribund conditions of the animals and the related breathing defect resulting in reduced blood perfusion and oxygenation [39] PARP-1 is a key player of apoptosis inducing factordependent apoptosis during neurodegeneration [40] . However, given that the extrinsic (i.e., mitochondrial independent) apoptotic pathway is triggered in the brain of KO mice [9] , it is unlikely that prevention of AIF release and apoptosis is a major mechanism responsible for the PJ34 effect. Interestingly, in keeping with evidence that astrocyte and microglia activation occurs in the degenerating brain regions of Ndufs4 KO mice [9] , we show that GFAP immunoreactivity is increased in olfactory bulb and motor cortex. Although the pathogenetic relevance of this inflammatory event still needs to be clarified, it is tempting to speculate that the ability of PARP inhibitors to suppress astroglia activation contributed to reduce the severity of encephalopathy and related symptoms [41] .
In addition to the possibility that PARP inhibition counteracts neurodegeneration by blocking neurotoxic events in the KO mice, pharmacological suppression of PARP could also prompt neuroprotective mechanisms. In this regard, a key pathway of relevance to neuroprotection in these animals might be that prompted by PGC1α. Indeed, both genetic or pharmacological suppression of PARP-1 promotes SIRT-1-dependent PGC1α activation which leads to increased oxidative capacity and mitochondrial content [21] . Accordingly, we found that PJ34 induced the expression of respiratory complex subunits and mitochondrial biogenesis. This finding, along with evidence that mRNAs for respiratory complex subunits are reduced in KO compared with heterozygous mice, is of particular importance because it suggests that the therapeutic effects of PARP inhibition may be due to a restoration of homeostatic transcript levels. Notably, KO mice receiving the PARP inhibitor showed increased mRNA abundance of both nuclear-and mitochondrial-encoded respiratory complex subunits. We reason that this occurred because, in addition to the activation of the PGC1α-dependent transcriptional program, PARP inhibition also alters nuclear transcription directly. Indeed, it is well appreciated that PARP-1 activity epigenetically regulates transcription of numerous genes by direct interaction with both gene promoters and basal transcriptional machinery [15] . PARP1 can also regulate the activity of several transcription factors, including YY1 or NRF-1 [42, 43] , which are of relevance to mitochondrial functioning. Interestingly, nuclear respiratory factor (NRF)-1, a key regulator of nuclear genes involved in mitochondrial respiration and mtDNA duplication, is negatively regulated by PARP-1 activity [43] . Therefore, inhibition of PARP-1 by PJ34 might have unleashed NRF-1, thereby potentiating PGC1α-dependent mitochondrial biogenesis. Evidence that NAD content increased only in the spleen of KO mice treated with PJ34 is in line with the hypothesis that mechanisms in addition to SIRT1-dependent PGC1α activation contribute to mitochondrial biogenesis. The selective NAD increase in the spleen is also in keeping with our recent study that showed a high NAD turnover in this mouse organ [28] .
At present we do not know why PJ34 affected mitochondrial number and morphology in some organs but not in others. Possibly, this is owing to tissue-specific mechanisms of epigenetic regulation, as well as to different impairment of tissue homeostasis during disease development. Accordingly, we previously reported that PJ34 impairs mitochondrial DNA transcription in cultured human tumor cells [44] . We speculate that the reason(s) of this apparent inconsistency can be ascribed to differences in experimental settings, that is in vivo versus in vitro and/or acute versus chronic exposure to PJ34.
Unfortunately, in spite of the ability of PJ34 to reduce neurological impairment after a few days of treatment, neither neuronal loss nor death of mice was reduced or delayed. Although this KO mouse model is extremely severe, showing a shift from healthy condition to fatal breathing dysfunction in only 20 days [39] , recent work demonstrates that rapamycin increases median survival of male Ndufs4 KO mice from 50 to 114 days [45] . In light of this, we speculate that inhibition of PARP prompts a cascade of events, such as mitochondrial biogenesis or increased oxidative capacity, that is of symptomatic relevance, but eventually unable to counteract specific mechanisms responsible for neurodegeneration and disease development. Still, symptom improvement obtained with PJ34 is of pathogenetic and therapeutic significance, and might be potentiated by different means such as use of ultrapotent PARP inhibitors [24] and co-treatment with symptomatic drugs already used in mitochondrial patients. In keeping with this hypothesis, very recent studies report improvement of mitochondrial functioning and muscle fitness in mice challenged with PARP inhibitors [46, 47] .
